We reported the aqueous chemical method to fabricate the well-aligned ZnO/Al 2 O 3 coreshell nanorod arrays (NRAs). The shell is composed of α-Al 2 O 3 nanocrystals in amorphous Al 2 O 3 layers. The photoluminescence (PL) measurements showed that the enhancement of nearband-edge emission in ZnO NRAs arrays due to the addition of Al 2 O 3 shell was observed. The Al 2 O 3 shell layer resulting in flatband effect near ZnO surface leads to a stronger overlap of the wavefunctions of electrons and holes in the ZnO core, further enhancing the NBE emission.
INTRODUCTION
Due to the ultrahigh surface-to-volume ratio characteristics of nanowires/nanorods (NWs/NRs) [1] , significant progress has been made for the fabrication of various electronic, optoelectronic, and sensor devices [2] [3] [4] [5] [6] . Since the performance of a nanodevice critically depends on the surface of nanomaterials, the investigation of surface effect is vitally important for fully utilizing the advantages offered by nanomaterials.
ZnO has been devoted to novel optoelectronic devices duo to their unique properties such as large excitation binding energy (60 meV), near ultraviolet UV emission, transparent conductivity, and piezoelectricity [7] . Engineering of the ZnO NWs/NRAs-based device through surface modification can maximize the effects or benefits provided by nanostructures. For practical applications, the growth of controlled NRAs is vitally important for applications such as field emitters [8] , nanogenerator [9] , solar cell [10] , and nanolasers [11] . The most popular method used for growth of ZnO NRAs is to use Au as catalyst and a single crystal substrate, such as a-plane alumina. The close lattice and symmetry match between the substrate surface and the ZnO results in epitaxial vertical growth of NRAs [12] . Moreover, various complex nanostructures [13] [14] [15] [16] [17] have been synthesized with the modification of optical properties. However, a study on the ZnO/nanocrystal-embedded (NC-embedded) Al 2 O 3 core-shell NR arrays (NRAs) has not been investigated. ZnO/Al 2 O 3 core-shell structure is attractive because it is wafer-scale assembly by all aqueous chemical methods. In addition, Al 2 O 3 , being a high-k dielectric material, may also act as the gate dielectric of ZnO nanowire transistors [18] . Since the bandgap of Al 2 O 3 is larger than that of ZnO and the refractive index of Al 2 O 3 is lower than that of ZnO, it suggests that the optical property of ZnO can benefit from Al 2 O 3 coating [17] .
In this work, we reported the chemical method, advantageous for low reaction temperature, low cost, minimum equipment requirement, atmospheric pressure and product homogeneity, to fabricate the wafer-size ZnO/Al 2 O 3 core-shell NRAs. The shells consist of α-Al 2 O 3 NCs embedded in amorphous Al 2 O 3 layers. The structural characterization of ZnO/Al 2 O 3 NRAs was performed using field emission scanning electron microscope (SEM), and transmission electron microscope (TEM). The photoluminescence (PL) measurements were performed to determine the optical properties of ZnO/Al 2 O 3 core-shell NRAs. The near-bandedge (NBE) emission in ZnO NRAs was found to be enhanced with the addition of Al 2 O 3 shells due to the flatband effect near the surface of ZnO.
EXPERIMENT
The ZnO NRAs were synthesized on Si (001) substrate by a hydrothermal method. A thin film of zinc acetate was spin coated on the substrate with a solution of 5 mM zinc acetate dehydrate in ethanol. The ZnO seed layer of 5-10 nm thickness was formed after baking in air for 20 min. The ZnO NRAs were grown in 100 ml of aqueous solution, containing 10 mM zinc nitrate hexahydrate and 2.5 ml ammonia solution, at 95 °C for 2 hours. The Al 2 O 3 shell layers on the ZnO NRAs were fabricated after ZnO NRAs spin-coated with 5 mM AlCl 3 were annealed at 220 o C for 8 hours in air ambient. In order to vary the thickness of the shell layer, ZnO NRAs were spin-coated 10 times (sample A), 15 times (sample B), and 20 times (sample C) with 5 mM AlCl 3 , respectively.
Morphological studies of ZnO NRAs and ZnO/Al 2 O 3 core-shell NRAs were performed with a JEOL JSM-6500 field emission SEM and a JEOL 3000F field emission TEM. The PL measurements were performed in air at room temperature and in a liquid helium bath cryostat in a temperature range from 14 K to 120 K using a He-Cd laser (photon energy = ~3.8eV) as an excitation source. A control sample only consisting of ZnO NRAs was prepared to measure the PL property without the influence of Al 2 O 3 shell layer. Figure 2 shows typical PL spectrum of ZnO NRAs without Al 2 O 3 shell layer exhibited a NBE emission at ~3.24 eV and a deep level emission at ~2.2 eV related to the defects [19] . With the presence of Al 2 O 3 shell, the NBE is greatly enhanced. However, the change in the intensity of deep level emission was less pronounced for the core-shell NRAs as compared with the control sample. It was found that while the thickness of a shell layer was increased up to 10 nm, the intensities of NBE and deep level emission were qualitatively the same with the intensity for the 5-nm-thick shell layer. Furthermore, NBE peak positions were not varied with Al 2 O 3 shell layer coating. It has been known that the recombination of deep levels responsible for visible emission in ZnO nanostructures is located at the surface (<30 nm in thickness) [20] . The nature of amorphous materials cannot suppress the surface defect emission since the shell layers did not provide significant surface passivation for the ZnO NRAs. It was found that α-Al 2 O 3 NCs embedded in amorphous layer contributed little towards surface passivation. As a result, there is no significant change in the intensity of deep level emission of ZnO after amorphous Al 2 O 3 layer coating. The origin of the enhanced NBE emission in core-shell NRAs can be explained by the following model. For an uncoated ZnO NRAs, oxygen molecules adsorb near the surface of ZnO NRAs, trap the free electrons from conduction band, and become the charged oxygen molecules ( [21] . This widens the depletion layer, leading to an upward band bending around the surface [22] . This can result in a separation of photo-generated electron-hole pairs [17] . It has been reported that the thickness of depletion layer is ~20 nm for ZnO NRAs [1] . The depletion layers are expected to have a large influence on the distribution of photocarriers for ZnO NRAs with diameter smaller than 100 nm in the present study. Charged oxygen molecules near the surface are expected to be one of the oxygen sources for the formation of Al 2 O 3 shell using AlCl 3 . This causes a reduction of the surface traps and further lowers the surface band bending of ZnO cores. This results in a stronger overlap of the wavefunctions of electrons and holes in the ZnO cores, further enhancing the NBE emission of the ZnO NRAs. This model can be interpreted that the enhancement of NBE emission due to a change of the local electronic structure of a ZnO surface is insensitive to the thickness of Al 2 O 3 shell. Temperature-dependent PL measurements were further investigated to characterize the optical properties of ZnO/Al 2 O 3 core-shell NRAs. An excitation density was ~22 mW cm −2 . Figures 3(a) and 3(b) show typical temperature-dependent PL spectra of the ZnO NRAs and the ZnO/Al 2 O 3 core-shell NRAs (samples C). The PL peak position of the two samples was invariable with temperatures. ZnO NRAs with or without Al 2 O 3 shell exhibit the different behaviors of thermal quenching. Figure 3(c) shows the relative integrated PL intensity of the NRAs at temperatures between 14 K and 120K. The decay rate of the core-shell ZnO NRAs in PL intensity with increasing temperature was faster than that of ZnO NRAs, which is explained by the following model. First, carriers have two channels to recombine: radiative transition and nonradiative transition. As carriers without sufficient energy cannot overcome the barrier, surrounding nonradiative center, to nonradiatively recombine at relatively low temperature [23] , nonradiative transition can be suppressed, leading to carrier recombination through radiative channels. With increasing temperature, the probability of recombination through nonradiative centers becomes significant, resulting in the quench of PL [23] . For the bare ZnO NRAs, the surface built-in electric field separates the photogenerated electron-hole pairs and accumulates holes at the surface, leading to lower radiative transition. With increasing temperature, more accumulated holes can obtain thermal energy to overcome the potential resulted from the surface band banding [21] , leading to increasing probability of radiative recombination. As a result, the PL intensity was decreased less sensitively with increasing temperature. In the case of ZnO/Al 2 O 3 core-shell NRAs, ZnO NRs approach the flatband conditions and thus, few holes accumulation takes place, resulting in the significant decrease in the PL intensity with increasing temperature. For examining the origin of luminescence from semiconductors, excitation intensity dependence of the PL spectra has been performed. The excitation intensity-dependent PL measurement at 14K on the ZnO/Al 2 O 3 core-shell NRAs (samples C) is shown in Figure 4(a) . The peak position of the main UV emission located at 3.35 eV is not varied with the excitation intensity. The integrated PL intensity (I p ) as a function of the excitation intensity (I exc ) is indicated in Figure 4(b) . The dash line is the least-squares fit to the measured data shown by the black squares. The integrated PL intensity is linearly dependent on the excitation intensity. No evidence of saturation for the integrated PL intensity was observed when the excitation intensity was increased by more than 2 orders of magnitude. This shows that the excitonic transitions are the dominant origin of the observed luminescence at 14K [24] [25] [26] .
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CONCLUSIONS
ZnO/Al 2 O 3 core-shell NRAs have been synthesized by the aqueous chemical method. The amorphous shells were composed of α-Al 2 O 3 NCs. The enhancement of NBE in ZnO NRAs due to the addition of Al 2 O 3 shell was observed. The Al 2 O 3 shell layer, leading to to flatband effect near ZnO surface, causes a stronger overlap of the wavefunctions of electrons and holes in the ZnO core, further enhancing the NBE emission. The temperature-dependent PL measurements confirmed this speculation since PL intensity of the core-shell NRAs decreases more significantly with increasing temperature than that of the uncoated ZnO NRAs.
